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We present a complete, next-to-leading-order (NLO),
leading-twist QCD analysis of deeply virtual Compton scat-
tering (DVCS) observables, in the MS scheme, and in the
kinematic ranges of the H1, ZEUS and HERMES experi-
ments. We give predictions for the triple dierential cross
section and the azimuthal angle and single spin asymmetries.
We quantify the size of the NLO corrections to these observ-
ables. We use two dierent sets of input models for the gen-
eralized parton distributions in order to study the sensitivity
of the predictions to the choice of input.
Deeply virtual Compton scattering (DVCS) [1{8],
γ(q) + p(P1) ! γ(q0) + p(P2), is the most promising
[9] process for accessing generalized parton distributions
(GPDs) [1{3,10{12] which carry new information about
the dynamical degrees of freedom inside a nucleon. GPDs
are an extension of the well-known parton distribution
functions (PDFs) appearing in inclusive processes and
are dened as the Fourier transform of non-local light-
cone operators sandwiched between nucleon states of dif-
ferent momenta, commensurate with a nite momentum
transfer in the t-channel. These distributions are true
two-particle correlation functions and contain, in addi-
tion to the usual PDF-type information residing in the
so-called \DGLAP" [13] region, supplementary informa-
tion about the distribution amplitudes of virtual \meson-
like" states in the nucleon in the so-called \ERBL" [14]
region. We have recently presented a full numerical solu-
tion of the associated renormalization group equations at
next-to-leading order (NLO) accuracy, for both the po-
larised and unpolarised distributions, using realistic in-
put models [15].
In this letter, we report on a full NLO, leading-twist
QCD analysis carried out for unpolarised and singly po-
larised (with respect to the electron) DVCS and its phys-
ical observables based on the DVCS factorization the-
orem [3,6]. The precise technical details of this anal-
ysis will be presented in considerably more detail else-
where [16]. DVCS is accessed experimentally in deep in-
elastic scattering experiments [8] using the leptonic pro-
cess ep ! epγ. Hence, on the lepton level, DVCS
interferes with the Bethe-Heitler (BH) process which
has the same nal state (for BH, the nal state pho-
ton is radiated o either the initial or nal state lep-
ton). The exact DVCS kinematics we base our analysis
on can be found in [17]. The physical observables we
use as examples are the triple dierential cross section,
d(3)(ep ! epγ)=dxbjdQ2djtj, the single spin asymmetry
(SSA) and the (unpolarised) azimuthal angle asymme-
try (AAA), which we will dene below. We will demon-
strate the feasibility of constraining the GPDs from ex-
perimental data using these observables, as well as the
relatively modest size of the NLO corrections to most
observables for the factorized ansatz chosen for the input
GPDs. Some NLO analyses of the evolution of GPDs
[10] and of the DVCS amplitudes themselves [18] are al-
ready available for large xbj , as well as LO analyses of
DVCS observables [7,19]. Where comparison is possible,
we agree with the results obtained.
The GPD representation we used for this note, are the
singlet-type combinations for each parton species, which
are dened by
FS(a),V/A(X; ; 2; t) =[




Fg,V/A(X; ; 2; t) =[




where v = (X − =2)=(1− =2),  = =(2− ). V stands
for the unpolarised (vector) case and takes the upper
sign, and A for the polarised (axial-vector) case and takes
the lower sign. This representation of the GPDs, using
F(X; ) functions, is identical to the non-diagonal repre-
sentation dened in [20] and is dierent from the usual
one, using the H(v; ) functions (see e.g. [2]), i.e. de-
ned symmetrically with respect to the incoming and
outgoing nucleon plus momentum (dened on the inter-
val v 2 [−1; 1] and symmetric about v = 0). The Fs in
Eq. (1) have plus momentum fractions (on the interval
X 2 [0; 1]) with respect to the incoming nucleon momen-
tum, P1, in analogy to the PDFs of inclusive reactions,
with the ERBL region in the interval X 2 [0; ] and the
DGLAP region in the interval X 2 [; 1]. The transfor-
mation between the symmetric and non-diagonal repre-
sentation is given in [20]. Furthermore, within the non-
diagonal representation skewedness parameter  = xbj =
−q2=2P1q, up to termsO(xbjt=Q2), and the symmetry of
the GPDs, which was previously manifest about v = 0, is
now manifest about the point X = =2. Note that FS,V
and Fg,A are therefore antisymmetric and FS,A and Fg,V
are symmetric about the point X = =2.
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The factorization theorem [3,7] for the DVCS ampli-
tude, TDV CS(γp ! γp), in the non-diagonal represen-
tation reads:














dX T S,V/A (1− 2X=)FS(a),V/A(X; ; Q2; t)
]
;














dX T g,V/A (1− 2X=)Fg,V/A(X; ; Q2; t)
]
; (2)
where Q2 = −q2 is the net four-momentum transfered
from the lepton. P:V: stands for the Cauchy principal
value prescription and the T ’s are the LO/NLO coe-
cient functions taken from Eqs.(14-17) of [18]. Depend-
ing on the region of integration the coecient functions
have real and imaginary parts, which in turn generate
real and imaginary parts of the DVCS amplitudes.
The triple dierential cross section, on the lepton level,
contains pure BH and DVCS terms, and an interference

















djT j2 ; (3)
where
jT j2 = jTDV CS j2  (T DV CSTBH + TDV CST BH) + jTBH j2 ;
and  is the relative angle between the lepton and hadron
scattering planes [17], y = Q2=xbjS the energy fraction
of the scattered lepton, S is the total centre of mass en-
ergy and M the nucleon mass. The upper (lower) sign
in front of the DVCS-BH interference term indicates a
positron (electron) probe. The exact expressions for the
DVCS square, interference and BH square, both for an
unpolarised and longitudinally polarised probe on an un-
polarised target, were taken from Eqs.(24-32) of [19].
The (unpolarised) azimuthal angle asymmetry (AAA)




d(dDV CS+BH − dBH)−
∫ 3pi/2
pi/2
















where  = d" − d# with " and # signifying that
the electron or positron beam is polarised along or
against the beam direction, respectively. These deni-
tions make the asymmetries directly proportional (mod-
ulo computable kinematical factors) to the real part of
a combination of DVCS amplitudes, in the case of the
AAA, and the imaginary part of a combination of DVCS
amplitudes, in the case of the SSA. For small x and t,
these combinations of amplitudes reduce to just the un-
polarised helicity non-flip amplitude (which are obtained
from a form factor decomposition of the H functions given
above) for both the AAA and SSA [19,21].
As the model for our GPDs we use the double distri-
bution (DD) representation [3] with a factorized ansatz




0; y0; 2; t) =
q,g(x0; y0) f q(a)/g,V/A(X; 2) rq/g,V/A(t) (6)
where the prole functions q,g(x0; y0) are asymptotic
shape functions [3] for the quarks and gluons. The
f q(a)/g,V/A are unpolarised/polarised inclusive parton
distributions. The factorized t-dependence of the DDs
is given by form factors, rq,g,V/A(t), depending on the
parton species and whether the GPDs are helicity-flip or
non-flip [2]. Here, we follow the model specied in Sec-
tion.(4) of [19], with a further assumption that the gluon
distributions have the same t-dependence as the sea. The
GPDs that we use for evolution are the non-diagonal Fs
of Eq.(1), so to dene the input model we require the re-
duction formula relating the H(v)-functions to the DDs:
H(v; ) =
∫
dx0dy0 (x0 + y − v) FDD(x0; y0) : (7)
In addition to these contributions from the double dis-
tributions the unpolarised singlet GPDs also contain a
so-called \D-term" [23,24], which is only non-zero in the
ERBL region, and ensures the correct polynomiality in
 [24] of the GPD (the gluon in principle also has a D-
term, but, due to lack of knowledge, we set to this to
zero). The unpolarised helicity-flip GPD, due to lack of
knowledge, is assumed to contain only the D-term with
an overall minus sign as required by the rst moment sum
rule for the sum of unpolarised helicity-flip and non-flip,
in which the individual D-terms must cancel. The po-
larised helicity-flip GPD was taken to be the asymptotic
pion distribution amplitude due to the presence of the
pion pole in this GPD, thus it does not evolve.
Within this class of input model, we specify two partic-
ular input models for the GPDs by using two sets of inclu-
sive unpolarised/polarised PDFs (for use in Eqs.(1,6,7)),
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i.e. GRV98/GRSV00 [25] with (4)QCD = 246 MeV and
MRSA’/GS(A) [26] with (4)QCD = 231 MeV at the com-
mon input scale Q20 = 4 GeV
2. Using two dierent
choices allows us to investigate the sensitivity of the phys-
ical observables on the choice of input. In the calculation
of these observables, only gluons, up, down and strange
quarks were used. The small charm quark contribution,
generated by evolution, has justiably been neglected so
far (see [27] for more details).
The input GPDs are evolved in both LO and NLO
using a new evolution program based on direct numeri-
cal integration, specically written for this purpose [15].
The DVCS amplitudes were then computed via numeri-
cal integration, using LO or NLO coecient functions in
Eq.(2) as appropriate (see [16,27] for more details) and
we chose the renormalization scale to be equal to the
factorization scale, Q2 = 2. It turns out that the the-
oretical uncertainties due to scale variation are smaller
than the uncertainties due to dierent inputs, therefore
we will give our results without error bands for the scale
dependence. A detailed analysis of scale dependences will
be given elsewhere [16]. The resultant DVCS amplitudes,
calculated to both LO and NLO accuracy using the same
input models, were the input for a further numerical pro-
gram which computes the nal DVCS observables (for
details see [16]). We will publish all of these codes on the
internet for use by the community [28].
In Fig.(1) we show representative results for the phys-
ical observables for two values of the skewedness param-
eter, i.e.  = xbj = 0:1; 0:0001, which are indicative
of values accessible at HERMES and ZEUS/H1, respec-
tively. We compare and contrast our two input mod-
els with evolution and coecient functions calculated at
both LO and NLO. The results shown for the input scale
Q2 = 4 GeV2 reflect directly the eect of including NLO
coecient functions in Eq.(2) relative to LO (in partic-
ular recall that T g,V/A is zero at LO !). In addition to
these eects, the results at NLO for the evolved scale
Q2 = 9 GeV2 also include the eect of running at NLO
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FIG. 1. The triple dierential cross section and the frac-
tional contribution of pure DVCS for an unpolarised incoming
positron, and the single spin and azimuthal angle asymme-
tries as functions of t for ZEUS/H1 (ζ = xbj = 0.0001) and
HERMES (ζ = xbj = 0.1 ) kinematics. The solid (dotted)
curves are the MRSA’/GS(A) input in LO (NLO) and the
dashed (dot-dashed) curves are the GRV98/GRSV00 input
in LO (NLO).
The triple dierential cross section and the fractional
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contribution of pure DVCS for our two input models
specied at both LO and NLO accuracy indicate that a
measurement of the total cross section close to the input
scale (Q2 = 4 GeV2) appears to have strong sensitivity
to the choice of input, with considerably more events ex-
pected for the MRS scenario than for the GRV case, in
both kinematic regions. The small change (< 10%) in
going from LO to NLO in GRV relative to the change
in MRS (O(50%)) partially reflects the greater propor-
tion of pure BH contributing in the GRV case. Partly as
a result of the strongly increased fraction of pure Bethe-
Heitler (which is mainly sensitive to the non-perturbative
electric and magnetic form-factor of the proton) one loses
discriminating power between GPD inputs (and between
LO and NLO) at the larger value of Q2 = 9 GeV2 for
this observable, in the kinematic ranges we have shown.
In contrast, the azimuthal angle and single spin asym-
metries, which by construction are directly sensitive to
the DVCS amplitude appear to have considerably better
discriminating power, both in terms of the choice of input
and in distinguishing between LO and NLO. We note in
passing that all of our current scenarios, for  = 0:1, are
in agreement with the preliminary values quoted by the
HERMES experiment (i.e. SSA = −0:18  0:05  0:05
for <x>= 0:11, <Q2>= 2:5 GeV2, <−t>= 0:25 GeV2
[29]).
In conclusion, in the kinematics of both HERMES and
H1/ZEUS, we have demonstrated that the triple dieren-
tial cross section, which is dominated by the pure DVCS
term at the input scale, is strongly sensitive to the de-
tails of the input GPD. A high statistics measurement
of the single spin and azimuthal angle asymmetries by
HERMES and H1/ZEUS, which by design reveals infor-
mation about the interference between DVCS and Bethe-
Heitler, would appear to have good discriminating power
with regards to the choice of input GPD and the dier-
ence between the LO and NLO QCD calculations based
on the factorized ansatz for the GPDs.
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